Abstract There are still many open questions regarding the nature of Uranus and Neptune, the outermost planets in the Solar System. In this review we summarize the current-knowledge about Uranus and Neptune with a focus on their composition and internal structure, formation including potential subsequent giant impacts, and thermal evolution. We present key open questions and discuss the uncertainty in the internal structures of the planets due to the possibility of non-adiabatic and inhomogeneous interiors. We also provide the reasoning for improved observational constraints on their fundamental physical parameters such as their gravitational and magnetic fields, rotation rates, and deep atmospheric composition and temperature. Only this way will we be able to improve our understating of these planetary objects, and the many similar-sized objects orbiting other stars.
Introduction
Uranus and Neptune have masses of about 14.5 and 17 M ⊕ (Earth mass), respectively. Their sizes are about four times that of the Earth, and they are located at 20 and 30 AU from the Sun, where 1 AU is the average distance between the Sun and Earth. Uranus and Neptune represent a unique class of planets in our Solar System, and are often referred as the "ice giants". They are different from the terrestrial planets since they are significantly more massive, consist mostly of volatile materials (ice-forming elements such as oxygen and carbon), and have much colder atmospheres. They also differ from Jupiter and Saturn, the gas giants, since they are significantly smaller and their compositions are not dominated by hydrogen-helium (H-He).
Despite the similar masses and radii of Uranus and Neptune, there are also noticeable differences between these planets, such as their atmospheric enrichment, obliquity, and thermal emission. Uranus' radius is larger than Neptune's but its mass is smaller, making Neptune denser than Uranus by ∼30%. Their inferred moment of inertia (MoI) values from interior models suggest that Uranus is more centrally condensed than Neptune. A distinct feature of Uranus is its large axial tilt and its regular satellites, suggesting they formed from a circumplanetary disk, while Neptune's largest moon, Triton, in a retrograde orbit, and was probably captured. In addition, Neptune's measured heat flux implies that it is still cooling, while Uranus is near equilibrium with solar insolation (e.g., Pearl et al. 1990; Pearl & Conrath 1991) , suggesting that Uranus' interior may not be fully convective, and/or that it contains compositional gradients or thermal boundary layers that hinder convection (e.g., , Podolak et al., 2019 .
The available measurements of the fundamental physical properties of Uranus and Neptune such as mass, radius, 1-bar temperature, and gravitational field can be used to constrain their interiors. However, there are still substantial uncertainties regarding their bulk compositions and internal structures, since the planets' interiors are complex and at the same time the available data are somewhat limited (e.g., 1995 , Guillot, 2005 , Podolak & Helled, 2012 , Fortney & Nettelmann, 2010 , Nettelmann et al., 2013 , Helled & Guillot, 2018 . In addition, the formation process of these planets remains a great challenge for planet formation theories, as well as their subsequent evolution. While it is clear that Uranus and Neptune accreted H-He from the protoplanetary disk, it is hard to explain their exact atmospheric masses and why they have not grown further to become gas giants. The thermal evolution of the planets is complex due to the potential existence of sophisticated chemical and physical processes such as mixing, settling, phase separation, inhibited convection, development of composition gradients and boundary layers. Uranus and Neptune have not been explored from space in detail apart from the single Voyager 2 flybys, and many key questions regarding the planets' regarding their origin, evolution, and internal structure remain unsolved. At the same time, we now know that exoplanets in the mass/radius-regime of Uranus and Neptune are common, as well as their smaller versions (often referred as "mini-Neptunes"). It is therefore highly important to better understand these planets, which is a clear priority of the international planetary science community, but is also of interest for scientists working on exoplanets.
Basic Properties of Uranus and Neptune
Gravitational Coefficients (J n ) The measured gravitational field of a planet is used to constrain its internal structure. For giant planets in hydrostatic equilibrium and no hemisphere asymmetries only the even gravitational harmonics (J 2n ) are expected to exist. The gravitational coefficients of Uranus and Neptune were measured during the Voyager 2 flybys. The error bars associated with the measurements are rather large (compared to Jupiter and Saturn), and the harmonics are known only to fourth order (i.e., J 2 , J 4 ). Jacobson and collaborators (Jacobson et al., 2007; Jacobson, 2009 Jacobson, , 2014 re-determined the gravitational harmonics of the planets using Earth-based astrometry and observations acquired mostly with the Voyager spacecraft; and provided more accurate estimates for the gravitational harmonics with smaller error bars. The density profile of the planet in interior models is set to reproduce the measured gravitational field. While the exact composition is unknown, the constraints introduced by the gravitational harmonics can be used to narrow down the possible planetary composition and internal structure (see review by Helled 2019 and references therein for details).
Rotation periods
The rotation periods of giant planets in the Solar System are typically determined from radio and magnetic field data. However, the periodicities inferred from these data might not represent the planetary bulk rotation. Voyager 2 measurements of periodic variations in the radio signals and of fits to the magnetic fields of Uranus and Neptune infer rotation periods of 17.24 h and 16.11 h, respectively. The periods inferred from the radio signals and magnetic fields might be equal if the radiation emanates from charged particles that are attached to the magnetic field lines, but the periods could also differ if the radiation originates from a local concentration of ions in a centrifugally loaded magnetosphere. In addition, it is unclear which parts of the planetary interiors are tied to the magnetic field lines, in particular in the case of Uranus and Neptune, which have multi-polar magnetic fields that are expected to originate from relatively shallow depths (e.g., Stanley & Bloxham 2004 , 2006 . It was then suggested by Helled et al. (2010) that the Voyager 2 radio and magnetic periods do not represent the deep interior rotation periods, and they proposed modified rotation periods for the planets by searching for the periods that minimise the dynamical heights and wind velocities. Rotation periods of 16.58 h for Uranus and 17.46 h for Neptune were derived. Such a modification to the rotation periods can lead to significant differences in the inferred composition and internal structure of the planets, as shown by Nettelmann et al. (2013) . In addition, it was shown by Kaspi et al. (2013) Latitude HDegL Radius at the 1 bar level HkmL Fig. 1 The physical shapes of Uranus and Neptune. The dashed-gray and curves correspond to the Voyager rotation periods (U: 17.24 hrs, N: 16.11 hrs) while the solid blue are the shape corresponding to rotation periods that minimizes the planets' winds and dynamical heights as found by Helled at al. (2011) (U: 16.58 hrs, N: 17.46 
hrs).
thermal wind model and interior models, that in both planets the observed winds are not expected to penetrate very deep: for a penetration depth above ∼ 1000 km, the influence on J 4 would have been larger and incompatible with any of the structure models that fit J 2 .
Physical Shapes
The mean radius and flattening are used as constraints for interior models. While knowledge of the continuous shape of a planet (i.e., radius vs. latitude) is also desirable and available, typically, structure models use only the flattening (f = (R eq − R p )/R eq where R eq and R p are the equatorial and polar radii, respectively), which is derived for given polar and equatorial radii. The shapes of Uranus and Neptune have been studied through stellar and ring occultations, and Voyager measurements. Stellar and ring occultations (e.g., French et al., 1998 French et al., , 1987 provide very good determinations of the planetary shape, however, the data are limited to low pressure-levels, and therefore do not necessarily apply to the typical 1-bar pressure-level that is used by interior modelers, in particular, because atmosphere dynamics can change the isobaric shape between the microbars and 1 bar pressure-levels. Therefore an uncertainty of up to ∼100 km in radius should be considered when modeling the interiors of these planets. Clearly, a determination of the continuous planetary shape can be used to further constrain structure models. Figure 1 shows the inferred shapes of Uranus and Neptune assuming the Voyager 2 and modified solid-body rotation periods for the planets as derived by Helled et al. (2010) .
Atmospheres
Uranus is typically seen as a planet with blend, featureless atmosphere while Neptune is seen as more active, with vortexes comparable to those seen on Jupiter. This suggests that Uranus, which has a ten times lower heat flux is less convectively active than Neptune. This view must however be taken with caution because it is largely based on the high-resolution but short visits from the Voyager 2 spacecraft in 1985 and 1989, respectively (Allison et al., 1991 , West et al., 1991 , Ingersoll et al., 1995 , Baines et al., 1995 . Ground based observations with large telescopes have since shown that both planets have dynamic atmospheres, with features appearing and disappearing regularly (e.g. Karkoschka2011, Sromovsky et al., 2012 , dePater et al., 2015 . Unfortunately, the lack of a high spatial resolution achievable from an Earth-based observatory combined to the limited amount of time over which these facilities can be pointed to these targets strongly limits our ability to understand these planets globally.
The visible atmospheres of Uranus and Neptune are dominated by three species: hydrogen, helium and methane. While the helium to hydrogen ratio seems consistent with a protosolar abundance, methane is very abundant, reaching a volume mixing ratio of around 2% corresponding to an enrichment of 50 to 100 over the solar value (Guillot & Gautier, 2014 and references therein) . Methane condenses at pressures below 1.5 bar in both planets (Lindal, 1992) , and probably form the haze and some of the clouds that are observed. Most other key species condense at higher pressures (and temperatures) and are thus mostly hidden from sight. Radio-observations capable of probing the deep atmospheres of Uranus and Neptune have provided some constraints on the presence of H 2 S, and a lack of NH 3 (dePater et al., 1991) . This lack of NH 3 has been confirmed indirectly by the detection of H 2 S in the atmosphere or Uranus (Irwin et al., 2018) and with a high likelihood, Neptune (Irwin et al., 2019) . Water condenses until pressures of at least 90 bars, far from direct detection.
The temperature profiles derived from Voyager 2 radio occultations (Lindal, 1992 ) are characterized by a minimum (tropopause) near 0.1 bar with 53.0 K for Uranus and 51.7 K for Neptune. The temperature is increasing with depth (higher pressures) to reach 76.4 K and 71.5 K at 1 bar, and deeper 101 K at 2.3 bar and 135 K at 6.3 bar for Uranus and Neptune, respectively. This increase is consistent with a dry adiabat but the degeneracy between temperature and methane abundance implies that many solutions are possible, with possible super-or sub-adiabatic gradients (Guillot, 1995) . The uncertainty on the assumed temperature profile (or equivalently, deep entropy) is significant and adds to the uncertainty on possible interior structures and compositions (see Leconte et al., 2017 , Friedson & Gonzales, 2017 .
Magnetic fields
A key observable property is the planetary magnetic field. Structure models must be consistent with the observed multi-polar magnetic fields, implying that a convective and electrically conductive region of a width of ∼ 20% of the planetary radius exist underneath the outer H-He-rich envelope (e.g., Stanley & Bloxham, 2004 , 2006 , Redmer et al.,2011 . The latter is insulating and transitions into the observable atmosphere. Dynamo models that fit the Voyager magnetic field data suggest that the deep interior below the dynamo region is stably stratified (Stanley & Bloxham 2004 , 2006 or, alternatively, in a state of thermal-buoyancy driven turbulent convection (Soderlund et al., 2013) . Since Voyager's observations have not been confirmed by another spacecraft, it is unclear whether the Voyager rotation rate reflects the rotation of the layer in which the magnetic field is generated and of the entire deep interior below that region (Helled et al., 2010) . This uncertainty has major consequences on the inferred planetary structure and the question of similar or dissimilar interiors (Nettelmann et al., 2013) . Improved measurements of the magnetic fields of Uranus and Neptune will also help to constrain the planetary rotation rate and internal structure. The available physical parameters of the planets are summarized in Table 1 Jacobson (2006 Jacobson ( , 2014 , Lindal et al., (1992; , and Helled et al., (2010) . * Note that the listed uncertainties in mean radius are the formal measured ones, and they do not account for the uncertainty in shape and rotation periods, which leads to a higher uncertainty as discussed in the text. R ref is the reference equatorial radius in respect to the measured gravitational harmonics J 2 and J 4 , Req and Rp are the equatorial and polar radii, respectively.
The Compositions and Internal Structures of Uranus & Neptune

Constraints from structure models
The composition of the planets cannot be measured directly (besides in the very upper atmosphere) but has to be inferred indirectly from interior models fitting all available constraints. Structure models are designed to fit the measured physical parameters of the planets (mass, radius, gravitational field, rotation rate, atmospheric temperature), and have a density profile that reproduces the measured gravitational coefficients. Traditional interior models of Uranus and Neptune assume an "adiabatic" structure all the way to the interior, i.e., a temperature profile set by the specific entropy of hydrogen and helium measured in the atmosphere (typically at 1 bar). The idea is that, as for Jupiter, convection should dominate and the super-adiabaticity required to transport the internal heat flux is small. It is important to realize however that in the presence of compositional gradients (or boundary layers), this definition is no longer correct. It requires heat transport to proceed efficiently (so that the temperature is continuous across composition interfaces) while chemical elements are not transported at all, an unlikely situation. Departures from the "adiabatic" hypothesis may explain the differences in densities and luminosities of Uranus and Neptune: their inner temperature may be higher than traditional models predict, and their luminosity could be controlled by the location and characteristics of the regions with changing composition (e.g., Podolak et al. 1995 , Vazan & Helled, 2019 . The thermal evolution and profiles of the planets are discussed in detail in Section 6. A first approach uses physical equations of state (EoSs) of the assumed materials to derive the density and the associated pressure and temperature Podolak et al., 1995 , Nettelmann et al., 2013 . The second approach uses empirical (mathematical) density profiles without making a priori assumptions regarding the planetary structure and composition and are not linked to specific EoSs and yet fits all the measurements (Marley et al. 1995 , Podolak et al. 2000 , Helled et al., 2011 .
Adiabatic interior models of Uranus and Neptune where rocks are confined to the core predict small core masses and large ice mass fractions, leading to highly super-solar ice:rock ratios of at least 4× the solar value for Neptune (Nettelmann et al., 2013) and about 15× the solar value for Uranus (e.g., Podolak & Reynolds, 1987; Nettelmann et al., 2013) , suggesting that some additional fraction of rocky materials are also mixed into the icy envelope.
In the mid-90s it was found that in order to fit Uranus' gravity field, the density in the ice shell must be 10% lower than the one given by the EoSs used at that time . In addition, the inferred ice-to-rock ratio in this model was 30 by mass, roughly 10 times the proto-solar ratio. Recent interior models for Uranus (Bethkenhagen et al., 2017) using the updated gravity data (Table 1) ratio of the deep interior for this class of models can be reduced if there is a super-adiabatic transition between between the H/He-rich outer and heavyelement rich interior. The deep interior then becomes significantly hotter than in the adiabatic case, and the water is in a plasma phase where the EoS is sensitive to temperature, and the increase in volume must be compensated for by a significant amount of rocks, allowing even for solar ice-to rocky ratios .
A range of density profiles of Uranus and Neptune that fit their measured gravitational fields were derived using Monte Carlo searches by Marley et al. (1995) and Podolak et al. (2000) . These random models imply that both planets consist of small cores and outer envelopes enriched with heavy elements, and that both planets consist of a density discontinuity at a radius of ∼0.6-0.7. Helled et al. (2011) represented the density profile (ρ(r)) of Uranus and Neptune by a 6th-order polynomial, and have found the coefficients required to fit all of the observed properties. It was shown that a density profile with non-distinct layering (i.e., a density profile without discontinuities) can also satisfy the observational constraints. The empirical EoS generated by these models was then interpreted as requiring a continuous increase in the H-He mass fraction towards the planetary center. It was shown that the gravity data can be fit as well with silicates as with water. When comparing the inferred density-pressure profile from these models to physical EoSs, it was shown that the planets do not need to contain large fractions of water to fit their observed properties (e.g., Helled et al., 2011) . It was then concluded that the interior structures of Uranus and Neptune are poorly understood, that they could be rock-dominated, and that their interiors may differ from the "standard 3-layer models". Figure 2 shows sketches of the possible internal structure solutions for the planets, and Fig. 3 shows possible density profiles for the planets as inferred by these studies. Water-rich 3-layer adiabatic models predict a metallicity of ∼ 85 − 87% for Uranus and of 81−84% for Neptune (Nettelmann et al., 2013) . Interior models that are based on empirical density profiles, suggest a metallicity of ∼ 76% to ∼ 90% for Uranus and 77% to 90% for Neptune, when the heavy elements are being represented by SiO 2 and water (Helled et al., 2011) . Non-adiabatic interior models for Uranus and Neptune were recently presented by Podolak et al. (2019) who explored how the assumption of non-adiabatic temperature profiles in the planets affects their internal structures and compositions. Various plausible temperature profiles were used together with density profiles that match the measured gravitational fields to derive the planetary compositions. It was found that the inferred compositions of both Uranus and Neptune are quite sensitive to the assumed thermal profile in the outer layers, but relatively insensitive to the thermal profile in the central, high-pressure region. The heavy-element mass fraction for both planets was found to be between 0.8 and 0.9, in agreement with other structure models of the planets (e.g., Helled et al., 2011; Nettelmann et al., 2013) .
The inferred global ice-to-rock-ratio in Uranus and Neptune is in fact unknown, and depends on the model assumptions and the materials that are chosen to represent the heavy elements. In addition, Uranus and Neptune could have complex deep interiors that are dominated by composition gra- dients and/or phase boundaries. At the moment, it is fair to say that our understanding of the compositions and internal structures of the planets is incomplete. These may be a result of demixing in the cool, mature planet (e.g., Wilson & Militzer, 20111) and/or from the formation process (e.g., Helled & Stevenson, 2017) . A better understanding of the interior could arrive from EoS calculations and phase diagrams. Internal structure models must be consistent with the phase diagram of the assumed materials and their mixtures (e.g., Soubiran & Militzer, 2015) . For example, it is possible that Uranus and Neptune have deep water oceans that begin where H 2 and H 2 O become insoluble (e.g., Bailey & Stevenson, 2015 , Bai et al., 2013 . Figure 4 presents sketches of four possible internal structures of the ice giants where the transitions between layers distinct (via phase/thermal boundary) and/or gradual.
Are Uranus & Neptune really "icy" planets?
Uranus and Neptune are often referred as the "ice giants". While some internal structure models predict that the planets are highly enriched with water, as discussed above it is not a unique solution, and in fact, there are reasons to question whether they are truly "icy" worlds. There are several arguments as to why the planets are expected to be water-rich: (1) Uranus and Neptune are located at large radial distances of about 20 and 30 AU, where the temperatures in the solar nebula are expected to be low enough to create water-rich solids (pebbles/planetesimals) that are accreted by the planets; (2) Oxygen is very abundant in our Sun and the ice (water and volatile materials condensing at temperatures of order 100 to 300 K) to rock ratio is expected to be between 2 and 3 (Lodders 2003). (3) Uranus and Neptune have magnetic fields, implying the existence of conductive material, which was suggested to be ionic water (e.g., Nellis et al., 1997 , Redmer et al., 2011 .
However, these arguments may be challenged. As discussed above, all the observed parameters can be reproduced if the innermost regions of the planets consist of ∼82% rock by mass with the rest being a mixture of hydrogen and helium in proto-solar ratio (Helled et al., 2011) . Of course this is an extreme case, which is rather implausible, as water is also expected to be present, but it clearly demonstrates that the available data do not directly imply that Uranus and Neptune have high water-to-rock ratios. Also, we cannot exclude the existence of other materials that can result in high enough conductivity to generate a magnetic field such as compressed silicates, especially when mixed with hydrogen (e.g., Soubiran & Militzer, 2018) . In addition, the oxygen-to-hydrogen ratios in the atmospheres of Uranus and Neptune are not well-determined, although despite the large uncertainties, the existing measurements do indicate high oxygen-to-hydrogen ratios in their atmospheres, as inferred from the observed CO abundance, ranging between a few and a few hundred times the proto-solar ratio (Luszcz-Cook & dePater, 2013) . Finally, we cannot exclude that formation models yield an ice to rock ratio in the protosolar disk that differs from that in the Sun (e.g., Ida & Guillot, 2016) . After all, Pluto, which is located even farther out in the solar system, contains about 70% rocks (e.g., McKinnon et al., 2017) .
The connection between atmosphere and interior
A proper characterization of the atmosphere is crucial for modeling the planetary interior structure and evolution and constrain the planet's composition. Because giant planets are fluid and have no obvious surfaces (except perhaps very deep down), atmospheric and interior composition are intimately linked. The thermal structure of the atmosphere, including possible latitudinal variations, impacts directly modeling of the deep interior and constraints on bulk composition and core mass that may be derived. Last but not least, the atmosphere is the lid governing the planet cooling (e.g., Guillot, 2005) .
One major unknowns concerning the atmospheres of Uranus and Neptune is the way their internal heat flux is transported. The large molecular weight of condensible species compared to the background gas, hydrogen and helium, implies that moist convection can be inhibited past an abundance of the condensing species over about 6 to 10% in mass (Guillot, 1995) . This critical abundance is in fact reached by methane in both Uranus and Neptune, and by water, if the C/O ratio is less than about four times solar. Furthermore, the criterion is not affected by double-diffusion (Leconte et al., 2017 , Friedson & Gonzales, 2017 . This implies that there is considerable uncertainty on the inner temperature profile for both planets as illustrated for the watercondensation region in Fig. 5 . 
The Formation of Uranus & Neptune
The formation of Uranus and Neptune has been a long-standing problem for planet formation theory (e.g., Pollack et al., 1996 , Dodson-Robinson & Bodenheimer, 2010 , Helled & Bodenheimer, 2014 , Levison et al. 2016 , Frelikh & Murray-Clay, 2017 . At the same time, the large number of detected exoplanets with sizes comparable (or smaller) to that of Uranus and Neptune suggests that such planetary objects are very common, at least at short orbital distances (e.g., Batalha et al. 2013 , Petigura et al., 2018 .
In the standard planet formation model, core accretion (see Helled et al., 2014 for review and the references therein), a slow planetary growth is expected to occur at large radial distances where the solid surface density is lower, and the accretion rate of planetesimals is significantly smaller (e.g., Helled & Bodenheimer, 2014) . For the current locations of Uranus and Neptune, the formation timescale can be comparable to the lifetimes of protoplanetary disks. In addition, forming the planets in situ requires extremely high solid surface densities, which has led to the idea that the planets formed closer to the sun and reached their current locations at later stages (e.g., Thommes et al. 1999 ). Due to the long accretion times at large radial distances, the formation process is too slow to reach rapid gas accretion (runaway), before the gas disk disappears, leaving behind an intermediate-mass planet, which consists mostly of heavy elements and a small fraction of H-He gas. However, since the mass of H-He in both Uranus and Neptune inferred from structure models is estimated to be a couple of M ⊕ , it implies that gas accretion has already begun, and this requires that the gas disk disappears at a very specific time, to prevent further gas accretion onto the planets. This is known as the fine-tuning problem in Uranus/Neptune formation. Helled & Bodenheimer (2014) investigated the formation of Uranus and Neptune in the core accretion model accounting for different formation locations ranging from 12 to 30 AU, and with various disk solid-surface densities and core accretion rates. This systematic study confirmed that in order to form Uranus and Neptune with the correct final planetary mass and solid-togas ratio, very specific conditions (fine-tuning) are needed. It was also shown that the potential high-accretion rates associated with pebble accretion (e.g., Lambrechts & Johansen, 2012) and dynamically cold planetesimal disks (e.g., Rafikov, 2011) can result in much shorter formation timescales for the planets, but then the challenge is to reproduce the final mass and composition of the planets, and not end up forming gas giants. The challenge in forming Uranus and Neptune is demonstrated in Fig. 6 which shows various formation scenarios that lead to the formation of planets similar to Uranus and Neptune in terms of mass and composition. Shown are the planetary mass the H-He mass and the mass of heavy elements.
As can be seen from the figure there are several challenges: First, the forming planets should not become gas giants, second, the planets should have accreted some H-He gas, but not in amounts that exceed the upper bounds inferred from structure models, i.e., the planetary metallicity should be of the order of 80-90%. It can be seen that even for these preferred models, which assume high accretion rates and/or smaller radial distances for the planets as suggested by the Nice model (e.g., Thommes et al. 1999; Tsiganis et al. 2005) , it is hard to reproduce the right masses and M H−He to M Z . On the other hand, the study of Helled & Bodenheimer (2014) demonstrated how small changes in the properties of the protoplanetary disks and the birth environment of the planetary embryos can lead to the formation of very different planets in terms of final masses and compositions (solid-to-gas ratios), which naturally explains the large diversity of intermediate-mass exoplanets.
Recently it was shown that when enrichment of the H-He envelope with heavy elements is included, gas accretion is expected to take place faster making the formation of Neptunes even more challenging (Venturini et al. 2016 , Venturini & Helled, 2017 . A mechanism that prevents rapid gas accretion onto intermediate-mass protoplanets is required to explain the formation of Uranus and Neptune as well as Neptune-like planets and mini-Neptunes (e.g., Alibert et al., 2018) . Another possible formation path as suggested by Lambrechts et al. (2014) is that Uranus and Neptune grew by pebble accretion. In this case the planets can form in situ within a few Mys. This is because in that scenario, the core growth is more efficient than in the planetesimal accretion case, and at the same time, at the current locations of the planets the pebble isolation mass is above M ⊕ . As a result, the planets could be heavy-element dominated with H-He envelopes that are metal-rich due to the sublimation of icy pebbles (see Lambrechts et al., 2014 for further details). Another formation path for Uranus and Neptune is formation by collision and merging of a few low-mass planets which accreted from a population of planetary embryos, which significantly decreases their formation timescale (e.g., Izidoro et al. 2015) .
Measuring the elemental abundances in the atmospheres of Uranus and Neptune can provide information on the formation history of the planets, by setting limits on their formation locations and/or the type of solids (pebbles/planetesimals) that were accreted by the planets as discussed above. For example, it was shown by Kurosaki & Ikoma (2017) that the pollution of the protoplanetary atmospheres with heavy elements (in particular water, ammonia and methane) can significantly affect the cooling of the growing planet and therefore its formation history as well as final internal structure. In addition, a determination of the atmospheric metallicity will provide valuable constraints for structure models, that at the moment allow a large variation of this value as described above. Therefore, in order to understand the formation of these planets direct measurements of their atmospheric composition are required.
Giant impacts on Uranus and Neptune
Uranus and Neptune are similar in terms of masses and radii but also have significant differences such as their heat fluxes, their satellite systems, and possibly also their internal structures. Giant impacts by large embryos occurring shortly after the formation of the planets could explain the dichotomy between the ice giants (Safronov 1966 , Stevenson 1986 ). An oblique impact with a massive impactor could change Uranus' spin (Safronov 1966) , and at the same time eject enough material that will result in the forming of a disk where the regular satellites could form. An oblique impact is expected to mostly affect the angular momentum of the planet, but not its internal structure. Therefore, if Uranus was differentiated and/or consisting of boundary layers, such an event is unlikely to affect the deep interior. For Neptune, it is suggested that the collision was head-on, which could reach the planetary deep interior, "erasing" the distinct layers, possibly also eroding the core, and lead to a "more convective & mixed" interior, which is consistent with its measured heat flux and inferred MoI value. Figure 7 presents a sketch of this scenario. Fig. 7 A sketch presenting the idea of the role of giant impacts in explaining the dichotomy between Uranus and Neptune (not to scale). An oblique giant impact on Uranus could tilt its spin axis significantly and eject enough material to form a disk and the regular satellites while keeping the body stratified. For Neptune, an almost head-on collision might deposit energy deep inside, mixing its interior resulting in a thermal profile that is close to adiabatic explaining the fast cooling. From Jaumann et al. (2018) , adapted from R. Helled, based on Podolak & Helled (2012) . Podolak & Helled, (2012) performed a simple analysis of this scenario, and estimated the energy and angular momentum exchange of large impactors, and showed that head-on collisions, which add relatively little angular momentum to the planet can have sufficient energy to mix large fractions of the core, while oblique collisions can add large amounts of angular momentum without affecting the core. These results are in agreement with the original idea proposed by Stevenson (1986) .
Uranus Neptune
Recently several studies investigating giant impacts on Uranus and Neptune using Smoothed Particles Hydrodynamics (SPH) have been presented (Kegerreis et al., 2018 , Kurosaki & Inutsuka, 2018 , Reinhardt et al. 2019 . A large parameter space (impact geometry, impactor's mass and composition, and numerical parameters) was considered to identify the collisions that can reproduce the observed properties of Neptune and Uranus (Reinhardt et al., 2019) . Studies of Uranus confirmed that an oblique impact can alter its rotation period, tilt the spin axis, and eject enough material to create a disk where the regular satellites are formed. For Neptune, it was confirmed that massive and dense projectiles can penetrate towards the center and affect its interior. This could lead to an adiabatic temperature profile, which explains its larger flux and higher moment of inertia value. For both planets the rotation axes and periods can be reproduced based on these simulations. Figure 8 compares the outcome of a head-on collision and a grazing collision on a Uranus-like planet consisting of a small rocky core, a water envelope, and a H-He atmosphere as presented by Reinhardt et al. (2019) . Shown are the materials and internal energy. While a head-on collision affects the internal structure by depositing mass and energy in the deep interior, a gazing collision does not significantly affect the internal structure. While further investigations of the topic and modeling the long-term thermal evolution of the post-impact planets are required, the following conclusions can already be made: (i) Giant impacts can explain some of the observed differences between Uranus and Neptune. (ii) Giant impacts on Uranus and Neptune can substantially alter their rotation axis and internal structure. (iii) A giant impact on Uranus can lead to the formation of an extended disk providing enough material for the formation of its regular satellites after the collision. (iv) Head-on collisions for Neptune result in accretion of more mass and energy, and substantially affect the planetary interior.
These studies represent only the beginning of a long-term exploration of the role of giant impacts in understanding Uranus and Neptune. While these studies are encouraging, they do not prove that the observed differences between the planets are indeed caused by giant impacts, and alternative explanations are still possible such as orbital migration (e.g., Boué & Laskar 2010). Nevertheless, the recent giant impact studies strengthen the idea that giant impacts play an important role in determining the planetary properties not only in the inner part of the Solar System (Mercury, Earth's moon) but also in the outer part.
Finally, it is interesting to note that giant impacts on Uranus and Neptune could also assist formation models. For example, if Neptune suffered a headon collision leading to an accretion of most of the impactor's mass, it would naturally increase Neptune's mass by the impactor's mass, for which massed between 1-3 M ⊕ have been considered, and therefore would also increase the Fig. 8 The planetary interior after a head-on (b =0.2, left) and a grazing (b =0.7 , right) collisions on an ice giant. Shown are the results for a differentiated 2M ⊕ projectile colliding with proto-Uranus using 5 × 10 6 particles at v inf =5km/s 71h after the impact. The panels shows the origin of the material (top) and the specific internal energy (bottom) as indicated by the colorbar. For the head-on collision the impactor penetrates into the planetary deep interior, and the planet is substantially heated. In case of the grazing collision the impactor interacts with the planet's outer regions, survives the first encounter (not shown) and is substantially tidally eroded before the second impact. Therefore much less material and energy are deposited in the planet. Figure adapted from Reinhardt et al., 2019. M Z to M H−He ratio. Indeed, the Nice model suggests the formation of two ∼15 M ⊕ planets at radial distances of 12 and 15 AU, where Uranus and Neptune are indistinguishable (e.g., Thommes et al. 1999; Tsiganis et al. 2005 ).
Long-term Thermal Evolution of Uranus and Neptune
In this section we address the thermal evolution of Uranus and Neptune, shortly after their formation until today. The duration it takes to cool from the luminous, hot, and extended initial state to their observed luminosity and radius is denoted the cooling time τ , and should be consistent with the age of the solar system.
Under the assumption of an adiabatic interior after the run-away phase of core accretion (see section 3), Marley et al. (2007) showed that the memory of the initial state is lost after only 10 Myrs for a 1 M Jup H-He planet, and that this timescale decreases the lower the mass of the planet. However, this study corresponded to gaseous planets which are homogeneously mixed and adiabatic, and therefore might not apply for Uranus and Neptune. In a nonadiabatic interior, as expected for the ice giants, the memory of the initial state including giant impacts can be preserved over Gyr timescales. Cooling times of adiabatic models of Uranus and Neptune are reviewed in section 6.2, models with stable stratification are discussed in Section 6.3, and models with a non-adiabatic deep interior are discussed in Section 6.4.
Luminosity and Effective Temperature
The cooling of fluid planets is largely governed by their composition in terms of H-He, ices (water, ammonia, methane), and refractory materials (metals, silicates), by the internal distribution of these components, and by external and internal heat sources. Cooling times of adiabatic models of Uranus and Neptune are found to be rather insensitive to the composition distribution as long as the mass fractions are chosen to reproduce the measured gravity field (Fortney et al., 2011 , Nettelmann et al., 2013 , or even only their mass and radius (Hubbard, 1978; Linder et al., 2019) . Adiabatic evolution models have therefore been computed assuming a structure with silicates and iron confined to the core, a middle layer of ices, and an outer H-He envelope (Hubbard & MacFarlane, 1980 , Fortney et al., 2011 Linder et al., 2019) , or with a middle layer of ices enriched in H-He and an outer H-He-layer enriched in ices (e.g., Hubbard et al., 1995 , Fortney & Nettelmann, 2010 , Nettelmann et al., 2013 .
The long-term evolution of (weakly irradiated) planets can be calculated by integrating over time the energy balance equation
where L eff = 4πR dm T ∆s/∆t + L core , where dm T (m)∆s is the heat lost by the envelope mass shell dm at m. Other luminosity sources could be added, but the ones mentioned are the dominating ones in the case of Uranus and Neptune.
As discussed in Section 3, if the planets have rock-dominated interiors, radiogenic heating from the rocky component, L radio , can prolong the cooling time of adiabatic Neptune by up to 0.4 Gyr while for adiabatic Uranus by a several Gyrs . The core contribution L core is rather small and therefore it matters little whether it is assumed to be adiabatic or isothermal (e.g., Linder et al., 2019) . Finally, L eq = 4πR
eq is the absorbed and re-emitted irradiation. Its value depends on the Bond albedo A, which is estimated from Voyager (see Table 1 ). As with the rock mass fraction, its value is of weaker influence on τ Nep while its 1σ uncertainty changes τ Ura by a significant amount of ±0.5 Gyrs (Scheibe et al., 2019) .
The generally stronger response of τ Ura than of τ Nep in adiabatic models is because the effective temperature T eff = 59.1 ± 0.3 K of Uranus is close to its equilibrium value T eq = 58.1 ± 1.1 K. Since T T eq for Uranus implies that little to no heat escapes from the present planet (L int ∼ 0). Small changes in external (Albedo) or internal (radiogenic) heat sources therefore have a relatively large effect on T int and Uranus' cooling time.
Adiabatic models
The adiabatic assumption is probably inappropriate for modeling the evolution and internal structures of Uranus and Neptune. Nevertheless, such simple models can reveal the uncertainties in our knowledge and guide the development of more complex models. In adiabatic models, the specific entropy s is assumed to be constant within layers of homogeneous composition. Between the layers, the entropy may change as a result of the change in composition. Adiabatic models of Uranus take longer to cool to the present luminosity than adiabatic models of Neptune and longer than the age of the Solar system of τ = 4.56 Gyr. This general finding is illustrated in Figure 9 . How much τ Ura exceeds τ depends on the equations of state used and on the assumed temporal behavior of T eq , which is often assumed to be constant although its value increases over time due to the evolution of the Sun. The property T int 0 of Uranus together with τ U τ is known as the faintness problem of Uranus (e.g., .
Cooling times of an adiabatic Neptune have been found longer, equal, or shorter than the age of the solar system. In particular, results obtained over the past decade agree about τ Nep ≤ τ , see Figure 9 . By fine-tuning the ice-to-rock ratio and the Albedo within its 2σ uncertainty it is possible to find evolution models that yield τ Nep = τ for a wide range of considered H-He and water equations of state, suggesting that Neptune's interior is largely convective and adiabatic. At present it remains an open question whether models with τ Nep < τ indicate an excess luminosity of Neptune, or a rock-rich interior and low Bond Albedo.
Models with a thermal boundary layer
Uranus' luminosity can be brought into agreement with the age of the solar system if one assumes that some fraction of the interior is shut off from efficient cooling due to stable stratification , Hubbard et al., 1995 , in which case a thermal boundary layer (TBL) would develop at the transition to the convectively cooling, adiabatic outer region. However, the location and behavior of a thermal boundary layer inside Uranus, if there is any, is not well-known. assumed that the TBL occurs due to a composition gradient between the H-He envelope and the "icy" interior at about 80% of its radius, and that the super-adiabatic temperature gradient across grows monotonously over time. This yields the solution labeled [N/S16] in Figure 9 for Uranus.
Within the wide range of structure models that are possible for Neptune due to the larger uncertainty in the measured gravitational harmonics (see Table 1 ), similar internal structures of Uranus and Neptune are not excluded 1 . Moreover, the most different (adiabatic) internal structures, which may be considered as a sign of dichotomy (Nettelmann et al., 2013) , would still require a strong composition gradient between the H-He-rich outer envelope and the ice-rich interior in Neptune, and therefore the same argument of a TBL, if caused by the composition gradient, should also apply to Neptune. Its deeper possible location at 60%R Nep is insufficient to explain Neptune's strong heat flow and the heat flow difference to Uranus. Under the same assumption of a monotonously growing TBL in Neptune, its cooling time would fall short as shown by the solution labeled [N/S16] in Figure 9 .
If Uranus and Neptune have similar internal structures, how can the different heat flows be explained? If Neptune is not excessively rock-rich and its atmospheric Albedo is not much lower than that of Uranus, recent evolution models find the planet to be excessively bright (Scheibe et al., 2019) . Another excessively bright planet is Saturn. One possibility to explain the brightness of Saturn is a thick thermal boundary layer that has retarded the loss of the Fig. 10 Cooling times of Uranus (red) and Neptune (blue) under the assumption of a slowly oscillating thermal boundary layer that builds up to maximum temperature difference of ∆T = 1000 K (cycle number k = n + 1/2 and completely decays again (cycle number k = n, n natural number). The suggested current state of Saturn (Leconte & Chabrier, 2013 ) is marked by a yellow circle.
intrinsic heat from the time of formation but allows it to slowly escape at present along a superadiabatic gradient (Leconte & Chabrier, 2013 , Vazan et al., 2016 . Transferring this idea to Neptune implies that the temperature gradient across the TBL, if there is any, has already surpassed its maximum and is now decaying, releasing the primordial heat from the deep interior. In Figure 10 we show the cooling times of Uranus and Neptune with a slowly oscillating temperature gradient ∆T /dr across the TBL of width dr R p . The TBL is assumed to adopt a maximum of ∆T = 1000 K before decaying. The current state of Saturn is shown by a yellow circle though in that case the TBL is proposed to undergo only one cycle, which extends to infinity (Leconte & Chabrier, 2013) . While this is clearly a toy model, it illustrates the power of stably stratified layers and the importance of understanding their heat transport efficiency and temporal evolution for understanding the internal structure and evolution of Uranus and Neptune. This toy model can explain the heat flow of both Uranus and Neptune.
Non-Adiabatic Evolution Models
As discussed above, both Uranus and Neptune are likely to have non-adiabatic deep interiors. It is therefore required to model the evolution (and internal structure) of the planets in a more realistic way in which the heat transport is calculated by the local conditions as time progresses. The reason for a nonadiabatic planetary structure can be primordial composition gradients. Such gradients can surpass convection and slow down the planetary cooling. In this case the internal structure can change in time by mixing of composition in convective regions. The change in the interior structure affects the planetary thermal evolution, and therefore should be considered self-consistently with the thermal evolution.
Recently, Vazan & Helled (2019) calculated Uranus' evolution for various initial composition distribution profiles. It was found that there are several types of composition gradients that fit Uranus low luminosity, as presented in Fig. 11 . The deep interior of these models can be very hot, in spite of the planet's low luminosity. The existence of a stable composition gradient in Uranus also indicates that Uranus' current-state internal structure is not very different from its primordial one. Such a gradual structure also constrains the initial energy budget of the planet, and suggests that the initial energy content cannot be greater than 20% of Uranus formation (accretion) energy, in order to fit the measurements. Fig. 11 Representative non-adiabatic models of Uranus evolution vs. radius (y-axis) and time (x-axis). Top: the heavy-element mass fraction Z(r). Bottom: the temperature profile T (r). All the models are consistent with Uranus' observed parameters despite their different internal structures: 2-3 layer model (U-1), steep gradient model (U-2), a shallow composition gradient model (U-3), and a rock-rich composition gradient (U-4). Figure from It was concluded that a composition gradient in Uranus' interior naturally explains its low luminosity, without the need of artificial thermal boundaries. Different types of composition gradients are stable during the evolution and are sufficient to slow down the cooling and fit the observed radius, moment of inertia, and luminosity. Interestingly, the total heavy-element mass fraction in Uranus is affected by the non-adiabatic evolution, and the hot gradual models result high metallicity for the planet (up to 95%). Such an evolution-interior path could also be relevant for Neptune. The fact that Neptune's luminosity seems to be consistent with adiabatic cooling does not necessarily mean that it is indeed adiabatic. This topic, which also reflects on our understanding of intermediate-size exoplanets, should be further investigated in future studies.
Summary and future
Uranus and Neptune represent a unique class of planets in the Solar System, and yet, we know very little about them. As discussed in this review, Uranus and Neptune are mysterious planets in terms of their formation and evolution paths, and internal structures. While Uranus and Neptune clearly represent a distinct population of planets as they differ from heavy-element dominated terrestrial planets and the H-He dominated gas giants, it is still unclear how different the two planets are from each other. Some key open questions are summarized below:
-How and where did Uranus and Neptune form? -What is the bulk composition of the planets? Are the ice giants really waterrich? -Are the planets mostly convective? Do they consist of boundary-layers/composition gradients? -Where and how are the magnetic field generated? -Do the planets have water oceans? -What are the atmospheric compositions of Uranus and Neptune and how are they linked to the deep interior? -What are the causes for the observed differences between the two planets?
Did the planets suffer from giant impacts?
Since the flybys of Voyager 2 near these planets, only more questions have been raised, putting Uranus and Neptune in the focus of planetary science studies. The goal to understand these planet became even more profound with current statistics of exoplanets suggesting that planets in Uranus/Neptune masses and sizes are very common in our galaxy. It is therefore clear that a dedicated mission to these planets is highly desirable. Both NASA and ESA recognized the importance of Uranus and Neptune, and there are currently several mission proposals dedicated to the ice giants exploration.
We hope that these efforts will be successful and that a mission(s) to Uranus and Neptune will become reality. In particular, we suggest to measure their gravitational and magnetic fields, shapes, as well as their atmospheric properties, and the abundance of key elements and molecules. A better understanding of Uranus and Neptune will not only advance the fields of planetary science and astrophysics, but will also impact other fields such as space science, highpressure physics, and geoscience.
